To determine acute postischemic metabolic changes of the ischemic rim under conditions of poor col lateral circulation, we examined cerebral blood flow and glucose metabolism in the area of the brain around the ischemic tissue in 36 male spontaneously hypertensive stroke-prone rats (SHRSP) in the acute stage of focal ischemia. The right middle cerebral artery (MCA) was occluded dorsal to the rhinal fissure. Four hours after occlusion, local cerebral blood flow (LCBF), glucose content (LCGC), and glucose utilization (LCGU) were measured by quantitative autoradiographic techniques. The lumped constant was determined from the corre sponding LCGC. LCBF showed a widespread and marked decrease in the cortex surrounding the ischemic core, in the thalamus, and in the medial portion of the striatum in the MCA-occluded hemisphere, while the lat eral segment of the striatum showed an increase of 36%, compared with findings on the contralateral side. LCGC showed little regional variation, but there was an increase
Cerebral metabolism following acute focal isch emia has been studied in zones comprising the isch emic core. Previous studies of local cerebral glu cose utilization (LCGU) in the acute phase of focal ischemia in normotensive animals showed an in crease in LCG U in the border zone of the infarct (Ginsberg et aL, 1977; Welsh et aL, 1980; Choki et aL, 1983; Sako et aL, 1985) . Spontaneously hyper-of 38% in the zone bordering the ischemic area. LCG U at the cortex surrounding the ischemic core and in the ex ternal capsule showed an increase of 55%. The cortex surrounding the ischemic core, the thalamus, and the lat eral segment of the striatum in the MCA-occluded hemi sphere showed significant decreases in LCGU. It has been speculated that a high accumulation of glucose re flects a demand for glucose for anaerobic glycolysis in the border areas and that such a demand is probably greater in cases of impaired oxygen delivery due to the presence of microcirculatory disturbances in the MCA-occluded SHRSP. The enhancement of glucose consumption may reflect anaerobic glycolysis. Because the hypermetabolic band was present in the cortex and the white matter, hypermetabolism of the white matter may be related to the glial cell. Key Words: Cerebral glucose content Cerebral glucose utilization-Cerebral ischemia Ischemic penumbra-Microcirculatory disturbance.
tensive stroke-prone rats (SHRSP) are an often used model of middle cerebral artery (MCA) occlu sion, as the infarcts are both reproducible and con sistent. These animals lack collateral vessels, pos sibly related to factors of hypertension (Coyle and 10kelainen, 1983; Coyle, 1987) . Similarities be tween the cerebral circulation of SHRSP and that'of humans (Yamori et aL, 1976) can provide important information for studying clinical disorders. We at tempted to clarify the correlations between post ischemic metabolic changes and neuronal damage in the ischemic rim at the acute stage of focal isch emia in MCA-occluded SHRSP.
MATERIALS AND METHODS

Protocol
Thirty-six male SHRSP aged 12-14 weeks, 244 to 290 g, were obtained from Taisho Pharmaceutical Co., Ltd.
(Ohmiya, Saitama, Japan). The rats were deprived of food overnight but were allowed tap water ad libitum. On the day of surgery, the animals were anesthetized with 3% halothane, then intubated and artificially ventilated with a mixture containing N2 (70%), O2 (30%), and 1% halothane. Catheters (PE-50) were placed into both fem oral arteries and veins for the study of local cerebral blood flow (LCBF), local cerebral glucose content (LCGC), and LCGU. We monitored systemic blood pres sure, rectal temperature, hematocrit, and arterial blood gases. To reduce mucous secretions, the rats were in jected with atropine sulfate, 0.02 mg/kg i. v., following catheterization. During surgery, P a02 was maintained at > 100 mm Hg and P aco2 between 30 and 40 mm Hg, and rectal temperature was kept at 37.5 ± OSC with a heat lamp.
Under an operating microscope, the right MCA was occluded through a burr-hole temporal craniectomy (Coyle and Jokelainen, 1983 ). The exposed MCA was electrocauterized with a microbipolar coagulator at a point distal to the striate branches and 0.7-1 mm dorsal to the rhinal fissure and was severed to ensure completeness of the occlusion. A similar surgical procedure was carried out in the sham-operated animals, except for the electro cauterization and severance. After occlusion, topical lidocaine (10 mg/ml) was applied to the skin incision, and the temporal muscle and skin were sutured. Rats were immobilized in loosely fitting bisected plaster casts and fixed with tape to a lead brick immediately after the op eration. They were then allowed to recover from the an esthesia.
Measurements of LCBF, LCGC, and LCGU
LCBF (N = 6), LCGC (N = 5), and LCGU (N = 7) were measured by quantitative autoradiographic tech niques. The sham control groups included the same num bers of animals.
LCBF was measured by the use of 14C-iodoantipyrine e4C-IAP). 14C_IAP (3.7 MBq/kg; New England Nuclear Corp., Boston, MA, U.S.A.) was infused intravenously 4 h after MCA occlusion for 30 s, and arterial blood sam ples were taken every 5 s to assess 14C activity. The rats were decapitated just after the final samples had been collected from the arterial catheter. The brains were re moved rapidly, placed in isopentane cooled to -60°C in dry ice, and stored in a freezer at -70OC until prepared for autoradiography. At that time, brains were cut into 20-J-lm sections in the cryostat at -20°C and were ex posed to x-ray film (SB-5; Kodak, Rochester, NY, U.S.A.) for 7 days, together with calibrated 14C_ methyl methacrylate standards (49-966 nCi/g). Plasma 14C radioactivity was measured immediately with a liquid scintillation counter (LSC-900; Aloka, Tokyo, Japan). The density of the autoradiograms was measured with a microdensitometer (PDS-15; Sakura, Tokyo, Japan). Op tical densities were converted to radioactivities by the use of a standard curve. LCBF was calculated by using the tissue-blood partition coefficient of 0.8 and the equation of Sakurada et ai. (1978) . An image analysis system (MCID system; Imaging Research, Inc., Ontario, Can ada) was used to create a digitized image of each section.
3-0-14C-Methylglucose e4C-MG) was used to measure LCGC. 14C_MG (7.4 MBq/kg; New England Nuclear Corp.) was administered 4 h after MCA occlusion and allowed to circulate for 15 min (Nedergaard et aI., 1988) . Vol. 15, No.2, 1995 In these experiments, timed plasma concentrations of 14C_MG and glucose were measured with a liquid scintil lation counter and a glucose analyzer (Beckman Instru ments Inc., Fullerton, CA, U.S.A.). Animals whose plasma glucose levels varied more than 10% from prein jected values during this experiment were excluded from study. Autoradiograms were prepared in the same man ner as for LCBF. LCGC and the lumped constant were calculated from the 14C_MG content (Nedergaard et aI., 1986) . As described earlier, the Michaelis constant of transport of glucose from plasma to brain was 6.8 mM, the Michaelis constant of transport of glucose from brain to plasma was 5.1 J-lmol/g, the factor indicating the ability of tracer MG to "trace" the "lumped constant" in brain was 1, and the ratio of the hexokinase affinities for 2-deoxyglucose (DG) and glucose was 0.3 (Gjedde and Diemer, 1983) .
LCGU was measured by the use of 14C_DG. The ani mals received an intravenous injection of 3.7 MBq/kg 14C_ DG (New England Nuclear Corp.) 4 h after the occlusion of the MCA. Timed blood samples were taken for analy sis of 14C_DG activity and glucose concentration. Ani mals were decapitated 45 min after the injection of 14C_ DG. Autoradiograms were prepared, and the LCGU was calculated according to the equation described elsewhere (Sokoloff et aI., 1977) . The lumped constant determined from the corresponding 14C_MG autoradiograms was used.
A computerized graphical method was used for corre lating the LCBF, LCGC, and LCGU autoradiograms, as follows. In each part of the study, sections adjacent to every tenth section were collected and stained with he matoxylin/eosin. Autoradiograms and adjacent sections stained with hematoxylin/eosin were photographed using color slide film. Each color slide film was scanned by a slide film scanner (Nikon COOLSCAN; Nikon Co., Ltd., Tokyo, Japan) using a computer system (Macintosh Quadra 950; Apple Computer, Inc., Charlotte, NC, U.S.A.) and graphic software (Adobe Photoshop 2.OJ; Adobe Systems, Inc., Mountain View, CA, U.S.A.). The ischemic core, rim, and remote area in the cortex of the MCA-occluded hemisphere and histological structures were identified using a composed graphic picture with auto radiograms and adjacent sections stained with hema toxylin/eosin.
Statistical analysis
Data are presented as means ± SD. Statistical differ ences were evaluated with analysis of variance (AN OVA) for non-repeated measurements applied to appropriate data. P values < 0.05 were considered statistically signif icant. Table 1 summarizes the physiological variables at the time of each autoradiographic study. There were no significant differences in the plasma glu cose concentration, mean arterial blood pressure, hematocrit, pH, Pa02' or Paco2 among any groups. In Tables 2-5, the value for sham controls is the mean of both hemispheres, because there was little difference between the right and the left hemi spheres. LCBF was markedly depressed in the ischemic core and showed a widespread and marked de crease in the cortex surrounding the ischemic core, in the thalamus, and in the medial portion of the striatum in the MCA-occluded hemisphere. LCBF in the lateral segment of the striatum increased by 36% compared with findings on the contralateral side (Table 2, Fig. 1 ).
RESULTS
LCGC showed an increase of 38% in the zone that comprised the ischemic core, such as the rim of the frontal cortex and of the sensory motor cortex, the lateral striatum, and the parietal cortex (Table 3 , Fig. 2) . The lumped constant of that same zone was reduced to 86% of that of the contralateral hemi sphere (Table 4 ). LCGC showed little regional change in the sham control and the MCA-occluded rats, except for the ischemic and periischemic region. The accumulation of 14C_ DG just outside the isch emic core increased by 34% compared with findings on the contralateral side. Areas of high 14C_DG ac cumulation corresponded to areas of high LCGC and represented an increase of 55% in the LCGU compared with findings in the contralateral hemi sphere. Part of the high-LCGU band was located on the external capsule. There was no significant dif ference between the sham control and the MCA occluded groups in LCGU in the contralateral hemi sphere. Significant decreases in LCGU were ob served in the cortex surrounding the regions of increased LCGU, the thalamus, and the lateral seg ment of the striatum in the MCA-occluded hemi sphere (Table 5 , Fig. 3 ). 5.8 ± 1.3 5.9 ± 1.0 6.0 ± 1.2 6.2 ± 1.3 6.1 ± 1.2 6.0 ± 0.9 5.7 ± 1.3 5.7 ± 1.3 5.8 ± 1.4 5.8 ± 1.1 5.7 ± 1.0 6.0 ± 0.9 5.4 ± 1.2 5.7 ± 0.9 8.7 ± l.4a 7.2 ± 1.7 8.3 ± 3.0 7.3 ± 1.7 7.5 ± 2.8 5.8 ± 2.0 5.8 ± 1.9 6.4 ± 1.9 6.2 ± 1.9 8.3 ± 1.8b 6.2 ± 2.3 6.2 ± 2.4 5.9 ± 1.7 6.4 ±2 .1 6.1 ± 2.3 6.1 ± 2.0 6.3 ± 2.3 5.8 ± 2.1 5.8 ± 2.0 6.2 ± 1.8 6.0 ± 1.7 6.4 ± 1.8 6.1 ± 2. 
DISCUSSION
This study demonstrated a marked accumulation of glucose in border areas of the ischemic core. The accumulation and enhanced consumption of glu cose in this area reflect the demand for glucose used in anaerobic glycolysis. This demand increases dur ing impairment of oxygen delivery due to distur bances in the microcirculatory system.
Ischemic stroke occurs consistently in SHRSP because this strain lacks collateral vessels (Coyle and Jokelainen, 1983; Coyle, 1987) . Occlusion of the distal MCA is easier and produces less opera tive stress than proximal occlusion. The focal isch emia produced in SHRSP is limited to the cortex (Coyle and Jokelainen, 1983) . Occlusion of the proximal MCA in strains such as the Sprague DaWley rat produces infarction involving the cortex and striatum (Tamura et aI., 1981) . Ideally, the le sion would be limited to a single anatomical region, because the metabolic consequences differ between the cortex and the striatum. Therefore, use of SHRSP with occlusion of the MCA is valuable for studying the metabolic changes surrounding the ischemic core. LCBF showed a widespread depression in the ip silateral hemisphere, except in the lateral segment of the striatum. Hyperemia occurred in the lateral striatum, the medial border of the infarcted area. The lateral striatum has a projection from the cere bral cortex (McGeorge and Faull, 1989) , and gluta mate functions as a transmitter in this pathway (Per schak and Cuenod, 1990) . Glutamate induces the release of a diffusible messenger with properties similar to those of the endothelium-derived relaxing factor (EDRF) released from endothelial cells in re sponse to vasodilators (Garthwaite et aI., 1988) . Hyperemia of the lateral striatum may be caused by EDRF, because glutamate is released in cortical ischemic areas. A decrease in LCBF in the lateral striatum has been observed in chronic studies of the same model (Shima et aI., 1990) . Our preliminary study of animals in the chronic stage of the distal MCA-occluded SHRSP showed ischemic changes of the same lesions. Thus, a hyperemic area of the lateral striatum is predisposed to develop ischemic damage.
14C_MG autoradiograms were obtained to deter mine the lumped constant. MG, a nonmetabolizable glucose analogue, distributes between brain and blood, presumably because of hexose transport across the blood-brain barrier (Gjedde, 1982) . To measure brain glucose content by the use of 14C_ MG, equilibrium of the ratio of the 14C_MG concen-tration in brain to that in plasma is necessary. The ratio of tissue to plasma 14C_MG radioactivities has been measured at times ranging from 10 s to 45 min, and the equilibrium of specific activities in brain and plasma occurred within 10 min (Gjedde, 1982) . In a study of 10-min circulation of 14C_MG in the MCA-occluded rat, 14C_MG accumulation in the cortex next to the infarcted area was reduced from the level seen in the nonischemic hemisphere (Ne dergaard et aI. , 1986) . Otherwise, the accumulation did not differ from that found in another study of 15-min tracer circulation (Nedergaard et aI., 1988) . Ten minutes of tracer circulation is not enough time to ensure a steady state between the plasma and the brain; we used a 15-min circulation of 14C_MG. We did not calculate LCGC and LCGU in the ischemic core, because of the possibility of changes in per meability in the blood-brain barrier and nonequilib rium of 14C_MG.
While the area outside of the ischemic core showed a marked accumulation of 14C_DG, only a qualitative comparison could be made. The distri bution of 14C_MG showed a marked accumulation in those and in the surrounding areas but remained constant in other areas. Therefore, the lumped con stant was lower in such areas than elsewhere. As a result, LCGU in the ischemic rim showed a pro nounced increase. A high LCGU in the border areas surrounding the acute focal ischemia was pre vi- ously noted by other investigators (Ginsberg et al., 1977 ; Welsh et al., 1980; Choki et aI., 1983; Sako et al., 1985) . One explanation involves the excitatory hypothesis of neuronal cell death (Shiraishi et aI. , These areas corresponded to the area of high glucose con tent. Part of the high 14C_OG accumulation was located in the external capsule. Significant decreases in 14C-OG accumula tion were seen in the cortex surrounding regions of high 14C_OG accumulation, the thalamus, and the lateral segment of the striatum in the MCA-occluded hemisphere. 1989). Another possibility is increases in the energy requirements for synthesizing proteins and other macromolecules (Gonzalez et al., 1987) .
The increase in LCGU may be related to a local increase in glucose oxidation. In humans, visual stimulation increased the LCGU in the visual cor tical regions by more than 50%, yet oxygen con sumption rose only 5% (Fox et aI., 1988) . It has been suggested that transient increases in neural ac tivity raise the tissue uptake of glucose in excess of that consumed by oxidative metabolism and in duced glycolysis and glycogen formation. Because glycolysis produces only 1119 of the energy per glu cose molecule as oxidative metabolism, glycolysis can increase the accumulation of 1 4 C_DG. An inter esting phenomenon in our study was the accumula tion of 1 4 C_MG surrounding the ischemic core in the MCA-occluded SHRSP, as characterized by the small internal diameter of the anastomosing collat-erals between the anterior artery and the MCA (Coyle, 1987) . Border areas of the ischemic focus in the MCA-occluded SHRSP receive less oxygen de livery than do the corresponding areas in normoten sive rats, due to microcirculatory disturbances. These areas may therefore develop severe anaero bic glycolysis and a heightened accumulation of glu cose, compared with MCA-occluded normotensive animals. A high glucose accumulation may reflect a demand for glucose for anaerobic glycolysis in the border areas. Such a demand probably rises when oxygen delivery is impaired. The enhancement of glucose consumption may reflect anaerobic glycol ysis.
Cell excitation may not cause the hypermetabo lism since rats subjected to barbiturate coma in an other study exhibited zones of glucose hypermetab olism similar to those in untreated animals (Neder gaard and Diemer, 1988) . Because our study showed that the medial border of the hypermeta bolic band was the external capsule, the hyperme tabolism of this area may have been caused by a nonneuronal cell, possibly a glial cell.
